





































































































































































for	 lung	 imaging,	but	 radiation	exposure	 is	a	major	concern;	especially	 in	case	of	 longitudinal	
examinations	and	in	children.	Therefore,	radiation-free	imaging	is	an	urgent	necessity.	Pulmo-
nary	magnetic	 resonance	 imaging	 (MRI)	 is	 radiation-free,	 but	 poses	 challenges	 since	 the	 low	
proton	density	and	the	presence	of	strong	mesoscopic	susceptibility	variations	considerably	re-
duce	 the	 detectable	MR	 signal.	 As	 a	 result,	 the	 lung	 typically	 appears	 as	 a	 “black	 hole”	with	
conventional	MRI	techniques.	Recently,	ultra-fast	balanced	steady-state	free	precession	(ufSSFP)	














tilated	alveoli	of	 the	parenchyma	and	dissolves	only	 in	 functional	and	perfused	 regions.	How	
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A	medical	examination	combined	with	 lung	stethoscope	auscultation	 is	 the	 first	and	simplest	
diagnostic	method	to	evaluate	morpho-functional	alterations	of	the	thorax	[6].	Pulmonary	func-












To	overcome	these	 limitations,	 several	 imaging	modalities	have	been	developed	 for	 the	non-
invasive	assessment	of	lung	morphology	and	function.	Currently,	the	clinical	gold	standard	meth-


















for	 children	and	pregnant	women.	Furthermore,	 for	patients	who	 require	 frequent	 follow-up	
















large	variety	of	contrasts,	 theoretically	 improving	the	distinctions	of	various	soft	 tissues	com-



































































oles,	 terminal	 bronchioles,	 respiratory	 bronchioles,	 alveolar	 ducts,	 alveoli,	 blood	 vessels,	 and	
	





























































































The	respiratory	tract	works	as	a	system	of	pipes	 in	which	air	 is	 funneled	 into	the	 lung.	 In	this	
tract,	the	air	gets	warmed,	filtered,	and	moistened	until	it	reaches	the	alveoli	where	the	gas	ex-















Volume,	 RV).	 Various	 parameters	 regarding	 lung	 ventilation	 can	 be	 quantified	 by	 pulmonary	
function	tests	(PFTs)	such	as	spirometry,	plethysmography,	and	multiple-breath	nitrogen	wash-























monary	 blood,	 which	 is	 consequently	 increased	 in	 the	 posterior	 lung	 as	 well	 (see	 Fig	 6.4).	
































The	 ventilation-perfusion	 ratio	 in	 the	 lung	 is	 regulated	 by	 vasoconstriction	 and	 bronchocon-



































inflammations.	 These	 factors	 can	 lead	 to	 airway	 function	decline	 and	 tissue	 remodeling	 (i.e.,	
bronchoconstriction,	bronchial	wall	thickening,	fibrosis).	Further	extension	of	the	minus-pathol-













quired,	 offering	 high	 resolution	 as	 well	 as	 high	 sensitivity	 and	 specificity	 for	 clinical	
interpretation.	For	morphological	diagnostics,	we	thus	aim	for	quantitative	visualization	of	bio-


































MR	signal	 for	 imaging	 (and	 theoretically	a	higher	 signal-to-noise	 ratio).	However,	higher	 field	
strengths	come	along	with	generally	decreased	tissue	T2	relaxation	times	as	well	as	enhanced	


































































































































































































































𝑆bSSFP,max 	= 	 𝑆bSSFP|J	K	Jopt 	= 	 12 	𝑀1 𝑇+𝑇* ∙ 𝑒< TR+∙=>		.																																										(1.3)	
	
From	Eq.	(1.3),	it	is	clear	that	the	signal	of	bSSFP	is	proportional	to	T2/T1.	Furthermore,	it	can	be	
noted	that	the	signal	of	bSSFP	at	TE	=	TR/2	 is	T2-weighted	(i.e.,	𝑒< TR>∙M> 	 ),	similarly	to	spin-echo	





anced	 gradients,	 the	 signal	 of	 bSSFP	 is	 strongly	 sensitive	 to	 off-resonance	 effects	 (bandings),	


















































≈ 1375	ms	and	T2 ≈ 66	ms)[46].	As	a	consequence,	the	following	minimal	RF	pulse	duration	can	

































back	of	current	clinical	standards,	such	as	CT	and	nuclear	medicine	techniques,	 is	 the	 implied	
radiation	dose,	particularly	when	 longitudinal	 imaging	 is	required	to	monitor	the	disease	pro-
gression	and	medical	interventions.	Especially	for	children,	where	pathologies	could	affect	the	
lung	development	and	reduce	their	quality	of	life,	radiation-free	imaging	modalities	are	an	ur-









and	 function.	These	present	 limitations	have	been	 recently	mitigated	with	accelerated	bSSFP	
schemes,	namely	with	ufSSFP	sequences	 that	are	characterized	by	an	extremely	 short	TR	 (cf.	
Section	1.9)	and	yield	an	improved	signal-to-noise	ratio	of	the	pulmonary	tissues	and	artifact-
free	images	[45].	Within	the	work	presented	in	this	thesis,	new	and	improved	techniques	were	



















from	ventilation-related	biomarkers	presented	 in	 the	 literature,	such	as	simple	subtraction	of	
images	acquired	at	diverse	respiratory	level	[112,	113].	The	difference	between	the	derived	novel	
ventilation	parameter	α	and	contemporary	ventilation	measures	is	briefly	described	in	the	Ad-












gies	 of	 the	 human	 body	 [91].	 Lung	 T1	 relaxometry	 in	 combination	 with	 oxygen	 breathing	 as	















































lung	ventilation	 imaging	that	 is	nearly	 independent	of	 the	breathing	phases,	 lung	density	and	
capacity.	Three-dimensional	α-mapping	is	evaluated	in	healthy	volunteers,	two	COPD	patients	


















triggered	 breath-hold	 imaging	 with	 IR-ufSSFP	 is	 continuously	 performed	 every	 30	 s;	 first	 in	
normoxic	conditions	 for	5	min,	 then	 in	hyperoxic	conditions	 for	5	min	 (wash-in),	and	again	 in	
normoxic	conditions	for	5	min	(wash	out).	Quantitative	maps	of	T1	and	T2	change	between	the	





















































































































based	on	a	very	 fast	steady	state	 free	precession	 (SSFP)	 imaging	technique,	 termed	ultra-fast	
SSFP	(ufSSFP)	 [45].	For	ufSSFP,	excitation	pulses	and	gradient	switching	patterns	of	a	conven-




























































simulations	of	 the	magnetization	vector	evolution	using	Bloch	equations	 (taking	 into	account	
relaxation	but	neglecting	pulmonary	perfusion	and	susceptibility	effects)	were	performed	to	ex-
























































































































five	 volunteers)	 in	 combination	with	 the	 reduced	TR	 (~23%),	 FD-MRI	of	 the	 lung	 can	be	per-







of	the	 chest	 from	time	 resolved	data	 sets,	 (b)	ventilation-weighted	and	(c)	perfusion-weighted	 images.	
































to	2.	Furthermore,	 the	decreased	TE/TR	times	 in	combination	with	a	reversed	 linear	RF	pulse	
ramp	at	the	end	of	the	image	acquisition	block	implemented	in	the	ufSSFP	pulse	sequence	re-








sible	 signal	 intensity	 in	 the	 lung	 tissue	 as	 well	 as	 the	 sensitivity	 of	 FD-MRI	 to	 detect	 signal	
variations	caused	by	physiological	cycles.	In	the	experiments	performed	in	healthy	volunteers	we	
kept	a	constant	field-of-view	of	450´450	mm2	and	a	frame	rate	of	3.33	images	per	second.	Nev-









After	 optimization,	 the	 ufSSFP	 pulse	 sequence	 provided	 functional	 Vw	 and	Qw	 images	 of	 in-
creased	 homogeneity	 across	 the	 lung	 tissue	 in	 the	 healthy	 volunteers	 at	 1.5T.	 Despite	 the	
significant	 improvements	 in	 the	 image	quality	at	1.5T,	 the	application	of	 the	ufSSFP	pulse	se-






































































Methods:	At	different	 respiratory	volumes,	 the	pulmonary	 signal	of	ultra-fast	 steady-
state	free	precession	(ufSSFP)	follows	an	adapted	sponge	model,	characterized	by	a	res-
piratory	 index	 α.	 From	 the	model,	 α	 reflects	 local	 ventilation-related	 information,	 is	
virtually	 independent	 from	 the	 lung	density	and	 thus	 from	 the	 inspiratory	phase	and	
breathing	amplitude.	Respiratory	α-mapping	is	evaluated	for	healthy	volunteers	and	pa-





Results:	 In	 healthy	 volunteers,	 respiratory	 α-maps	 showed	 good	 reproducibility	 and	
were	homogeneous	on	iso-gravitational	planes	but	showed	a	gravity-dependent	respir-
atory	 gradient.	 In	 patients	 with	 obstructive	 pulmonary	 disease,	 the	 functional	





























mography	 (PET)	 are	nuclear	medicine	 imaging	modalities	based	on	 radioactive-labeled	 tracer	
administration.	Despite	their	relatively	poor	spatial	and	temporal	resolution,	SPECT	and	PET	are	
commonly	used	 in	 clinical	 routine	 for	 lung	 functional	 imaging	 [16].	More	 recently,	 xenon-en-
hanced	dual-energy	computed	tomography	(CT)	[133]	and	the	novel	four-dimensional	CT	[134,	
135]	have	been	shown	to	provide	high	spatial	resolution	ventilation	imaging	in	short	scanning	





















registration	 and	 voxel-wise	 spectral	 analysis	 to	 extract	 local	 ventilation	 and	 perfusion	 infor-
mation.	 Nevertheless,	 due	 to	 the	 required	 time-resolution	 to	 separate	 perfusion	 from	
ventilation,	FD-MRI	is	a	single	slice	method.	As	a	result,	a	stack	of	coronal	two-dimensional	(2D)	




provides	 regional	 isotropic	 three-dimensional	 information	 related	 to	 pulmonary	 ventilation	






















however,	 is	not	precise	enough	 to	model	 the	 lung	mechanics	 [138,	139]	due	 to	physiological	









In	the	limit	of	η ≪ Λ ∙ 𝑉<S,	the	adapted	sponge	model	[cf.	Eq.	(3.2)]	can	be	rewritten	to	yield	
	 log SI 	= 	 log Λ ∙ 𝑉<S	(1 + ηΛ ∙ 𝑉<S) ≈ log Λ ∙ 𝑉<S 	= 	 log Λ − α ∙ log 𝑉 											(3.3)	
	
and	the	respiratory	index	α	can	be	estimated	globally	considering	the	mean	SI	over	the	whole	













flow.	For	small	enough	variations	in	the	total	lung	volume,	𝑉	 = 	𝑉1 ± δ𝑉,	the	average	density	in	
the	lung	(ρ)	is	assumed	to	become	a	function	of	the	global	variations	only,	i.e.,	
	 ρ(𝑉) ∶	=	 𝑀blood(𝑉) + 𝑀air 𝑉 + 𝑀tissue𝑉 ≈ ρblood ∙ 𝑉blood(𝑉) + ρtissue ∙ 𝑉tissue𝑉 													(3.6)	
	








that	 for	small	enough	variations	 in	the	total	 lung	volume	the	 local	volume	changes	become	a	
function	of	the	global	variations	only,	i.e.,	𝑣	 = 	𝑣(𝑥, 𝑉).	Thus,	the	local	density	becomes,	
	 ρ 𝑥, 𝑉 ≔ 𝑚blood 𝑥, 𝑉 + 𝑚air 𝑥, 𝑉 + 𝑚tissue 𝑥𝑣 𝑥, 𝑉 ≈	






the	change	 in	 the	proton	density,	Δ𝜌ghi.	From	the	model	 [cf.	Eq.	 (3.6)],	we	thus	 find	 for	 the	
global	index:	
	 αglobal 𝑉1 ≈ −∂ log ρ 𝑉∂ log 𝑉 j	K	jk 	= 	1 − 𝑉1𝑀1 ∙ ∂𝑀lmnno∂𝑉 j	K	jk 																						(3.8)	
	
where	the	second	term	reflects	the	change	in	whole	pulmonary	blood	mass	as	a	function	of	the	
whole	lung	volume	(note	 jkgk	is	simply	a	scaling	factor	and	𝑀1 ∶	=	 𝑀 𝑉1 	).	Simulations	indicate	
that	αglobal	is	almost	independent	of	the	breathing	position,	𝑉1,	that	is	 1 − Sglobal jqrjSglobal j<rj < 0.03	
for	variations	up	to	δ𝑉	 = 	 jku 	 (tidal	breathing,	e.g.,	2.4±0.4	L),	and	 vgwxyyzvj < 0.25 ∙ gkjk 	 (value	
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αlocal 𝑣 𝑥, 𝑉1 ≈ − ∂ log ρ 𝑥, 𝑉∂ log 𝑉 j	K	jk 	=		






Equation	(3.9),	the	terms	𝑉1/𝑣 𝑥, 𝑉1 	and	𝑉1/𝑚 𝑥, 𝑉1	 	are	scaling	factors.	
	
If	the	second	term	in	Equation	(3.9)	fulfills	











Eq.	(3.11)].	A	value	αlocal 𝑥 	= 	1	indicates	that	a	region-of-interest	(ROI)	expands	equally	to	the	


















Images	were	 acquired	 in	 breath-hold	 and	 in	 supine	 position	 using	 a	 3D	 balanced	 ufSSFP	 se-
quence,	offering	a	T2/T1	weighted	contrast	 for	TR	<	2	ms	at	1.5T	[45]	and	sensitive	enough	to	
depict	the	signal	intensity	modulations	of	the	lung	parenchyma	arising	at	diverse	inspiratory	lev-






















×	 4	 ×	 4	 voxels	 [142].	 The	 lungs	were	 segmented	 using	 a	 3D	 fast-marching	 algorithm	 using	 a	
standalone	software	 (MITK)	 [131].	The	consistency	of	 the	segmentation	was	verified	slice-by-











































































the	 overlying	 vascular	 structure	 while	 preserving	 the	 underlying	 pulmonary	 signal	 variation	
[142].		
	













scale	corroborate	the	overall	 independency	of	 the	respiratory	 index	αglobal	 from	the	breathing	




















(red	 dots)	 as	 a	 function	 of	 the	
lung	volume	 in	double	 logarith-



















Volunteer	1	 M,	32,	179,	82	 1.16	±	0.02	 0.997	 3.73	±	1.52	 1.92	 6.31	
Volunteer	2	 M,	26,	190,	80	 1.11	±	0.03	 0.997	 3.67	±	1.40	 1.92	 6.66	
Volunteer	3	 M,	34,	175,	80	 1.14	±	0.02	 0.999	 3.09	±	0.91	 1.47	 5.32	
Volunteer	4	 M,	32,	178,	75	 1.07	±	0.03	 0.996	 4.38	±	1.41	 2.09	 6.39	
















































piratory	 index	 is	 observed	 on	 iso-gravitational	 planes,	 whereas	 the	 respiratory	 index	 values	
almost	double	in	the	caudal	part	(α	≈	1.4)	in	comparison	to	ventral	part	(α	≈	0.7).		
	




















atory	 index	 of	 αglobal	 =	 1.10±0.04	 (male)	 and	 of	 αglobal	 =	 0.91±0.04	 (female)	 was	 found	 (cf.	 Table	 3.2,	
Volunteers	2	and	8).	










ments	 reflect	 the	 effects	 of	 hypoxic	 pulmonary	 vasoconstriction	 and	 this	 is	 regarded	 as	 a	
surrogate	for	lung	ventilation	[75,	136].	Similarly,	for	COPD,	it	has	been	shown	the	emphysema-












functional	 impairment	 indicated	on	 the	 respiratory	maps	 (e.g.,	αlocal	<	0.3).	Global	 respiratory	
indexes	αglobal	 =	1.07±0.03	 and	αglobal	 =	0.66±0.05	 are	 found	 (comparable	with	 literature	 results	
from	CT	measurements	[139]).	
	
Respiratory	α-maps	 for	a	CF	patient	are	 compared	 to	FD	ventilation-	and	perfusion-weighted	
maps	 in	Figure	3.7.	The	 three	 functional	 imaging	modalities	visually	 correspond,	 showing	 the	





















periments	 differ	 less	 than	 2%	 and	 show	 a	 strong	 correlation	 (Lin’s	 Concordance	 correlation	
coefficient	ρc	=	0.93).	For	all	examined	subjects,	coefficients	of	determinations	R2	higher	than	



















Volunteer	1(*)	 M,	32,	179,	82	 1.14	±	0.04	 0.973	 2.85±0.28	 2.72	 3.23	
Volunteer	2(*)	 M,	26,	190,	80	 1.10	±	0.04	 0.994	 2.69±0.24	 2.41	 2.99	
Volunteer	3(*)	 M,	34,	175,	80	 1.12	±	0.02	 0.996	 1.99±0.27	 1.69	 2.29	
Volunteer	4(*)	 M,	32,	178,	75	 1.05	±	0.02	 0.997	 2.79±0.28	 2.38	 3.08	
Volunteer	5(*),	scan	1	 M,	28,	185,	84	 1.04	±	0.03	 0.996	 2.92±0.41	 2.71	 3.78	
									“														,	scan	2	 “	 1.02	±	0.03	 0.995	 3.20±0.44	 2.40	 3.65	
									“														,	scan	3	 “	 1.03	±	0.02	 0.999	 3.13±0.39	 2.64	 3.69	
Volunteer	6,	scan	1	 M,	29,	175,	75	 0.97	±	0.03	 0.996	 2.59±0.40	 2.21	 3.34	
									“										,	scan	2	 “	 0.98	±	0.04	 0.997	 2.43±0.35	 2.08	 3.03	
									“										,	scan	3	 “	 0.95	±	0.03	 0.998	 2.48±0.42	 2.16	 3.25	
Volunteer	7,	scan	1	 F,	49,	164,	58	 1.04	±	0.02	 0.984	 2.72±0.27	 2.40	 3.10	
									“										,	scan	2	 “	 1.05	±	0.03	 0.986	 2.62±0.23	 2.37	 2.95	
									“										,	scan	3	 “	 1.03	±	0.02	 0.989	 2.63±0.21	 2.34	 2.89	
Volunteer	8	 F,	30,	168,	53	 0.91	±	0.04	 0.995	 1.84±0.27	 1.53	 2.28	
Volunteer	9	 F,	30,	170,	54	 0.92	±	0.03	 0.994	 2.49±0.19	 2.28	 2.75	
Volunteer	10	 F,	34,	170,	60	 0.94	±	0.02	 0.996	 2.31±0.39	 1.89	 2.83	
Patient	1,	COPD	 M,	53,	186,	78	 1.07	±	0.03	 0.989	 7.13±0.44	 6.66	 7.84	
Patient	2,	COPD	 F,	75,	158,	67	 0.66	±	0.05	 0.972	 3.93±0.37	 3.39	 4.40	



























































































gions	 (e.g.,	 bullae,	 obstructions,	 air-trapping,	 emphysematous	 destructions	 and	 hypoxic	
vasoconstrictions)	expand	less	than	healthy	tissues.	Overall,	respiratory	α-mapping	may	also	be	
a	sensitive	measure	for	assessing	the	functionality	of	lungs	in	other	categories	of	pulmonary	ob-
structive	 diseases,	 such	 as	 asthma,	 primary	 ciliary	 dyskinesia	 and	 bronchiolitis	 obliterans.	
Moreover,	it	might	be	used	to	evaluate	disease	progression	and	to	assess	lung	functionality	in	







































































varies	(ρ	 = 		 gj ).	
The	observed	ufSSFP	signal	intensity	variation	at	diverse	inspiratory	volumes	(Fig.	A3.1)	is	in	ex-
cellent	 agreement	 with	 the	 adapted	 sponge	 model	 (see	 Section	 3.4),	 predicting,	 similar	 to	
physical	mass	density	(ρ	 = 		 gj ),	the	signal	intensity	(SI)	to	scale	inversely	proportional	to	the	lung	
volume	V:	
	
SI 𝑉, 𝑥 	= 	Λ 𝑥 ∙ 𝑉<S  	+ η 𝑥 								⟹ 					α 𝑥 	=	 − ∂ log SI 𝑉, 𝑥∂ log 𝑉 																		(A3.1)	
	
where	𝑥	is	the	position	of	a	voxel,	Λ 𝑥 	is	a	SI	scaling	factor,	η 𝑥 	the	SI	in	the	limit	of	infinite	
volume,	i.e.,	noise,	and	α 𝑥 	maps	lung	expansion	during	breathing,	referred	to	as	respiratory	a-
index.	The	 index	a	 reflects	a	ventilation-weighted	pulmonary	measure	 (the	acronym	“a”	was	
chosen	after	Aeolus,	mythical	divinity,	ruler	of	the	winds!)	and	is	virtually	independent	from	re-
gional	lung	density,	as	well	as	from	the	inspiratory	phase	and	breathing	amplitude	(cf.	Fig.	A3.1b	
and	Section	3.2.2).	From	the	model,	a	value	α 𝑥 	= 	1	indicates	that	a	region-of-interest	(ROI)	
expands	equally	to	the	whole	 lung	mean	expansion,	whereas	α 𝑥 < 1	 indicates	that	the	ROI	


















































































































































Methods:	 Isotropic	 imaging	 of	 the	 lung	 for	 OE-MRI	was	 performed	with	 an	 adapted	
three-dimensional	 ufSSFP	 sequence	 using	 five	 breath-hold	 acquisitions	 ranging	 from	
functional	residual	capacity	to	tidal	inspiration	under	both	normoxic	(room-air)	and	hy-




































time	(T2*)	[158].	The	observed	decrease	 in	T1	under	hyperoxic	condition	 is	attributed	to	an	 in-
creased	concentration	of	dissolved	O2	in	the	parenchyma,	blood	vessels	and	lung	tissue	[99].	OE-




the	 tissue/gas	 interfaces	 in	 the	alveoli	and	 reflects	a	measurement	 for	pulmonary	ventilation	
[99].	
	






























































inversely	proportional	with	the	total	lung	volume	V	(similarly	to	mass	density	r	 = 	gj ),	yielding	
the	adapted	sponge	model:	
	 SISponge 𝑉 	= 	Λ ∙ 𝑉<S + η	 (4.2)	
	
where	Λ	(>0)	is	a	scaling	factor	(reflecting	parenchymal	spin	density).	In	Equation	(4.2),	η	refers	






ence	 volume	 𝑉ref	 (in	 the	 tidal	 volume	 region),	 which	 yields	 after	 short	 calculations	 and	
rearrangement	of	terms,	the	linear	relation	[167]:	
	 SISponge 𝑉 	= 	Λ ∙ 𝑉<S + η ≈ 1 + α ∙ Λ ∙ 𝑉ref<S + η − α ∙ Λ ∙ 𝑉ref<S<* ∙ 𝑉 ≡	






of	the	 lung	parenchyma),	the	SI	can	be	derived	for	any	arbitrary	 lung	volume	𝑉	 (around	𝑉ref).	
From	this,	the	global	O2-enhancement	of	the	lung	is	given	by	inserting	Eq.	(4.3)	 into	Eq.	(4.1):	
	


























three	ufSSFP	 scans	were	 recorded	at	 functional	 residual	 capacity	 (FRC)	 to	bypass	 involuntary	






















combination,	 the	whole	 lung	 oxygen-enhancement	 [Eq.	 (4.1)]	was	 calculated	 from	 the	mean	
parenchymal	SI,	determined	by	segmentation	as	explained	in	the	“Flip	angle	optimization”	Sec-








































tribution,	 Continuum	Analytics,	 version	 2.0).	 Segmentation	 of	 the	 lung	was	 performed	 semi-
automatically	by	a	trained	observer	who	used	a	region	growing	tool	implemented	in	MITK	(The	























































Figure	 4.3.	 Observed	 average	 signal	 of	 the	 lung	 paren-
chyma	 as	 a	 function	 of	 the	 flip	 angle	 measured	 in	 a	
volunteer	for	both	air	and	100%	oxygen.	The	average	lung	
mean	SI	refers	to	the	average	of	three	acquisitions	and	the	
error	 bars	 represent	 its	 standard	 deviation.	 An	 analysis	

















for	O2),	even	marginal	 lung	volume	differences	will	 lead	 to	signal	modulations	of	comparable	
strength.	This	 leads	to	a	large	variability	and	thus	imprecise	quantification	of	the	O2-enhance-
ment	from	only	two	datasets,	as	exemplarily	demonstrated	in	Figure	4.4c.	For	all	nine	possible	



















































a	 function	of	 the	 lung	volume	 for	both	normoxic	and	hyperoxic	conditions	and	 for	both	non-
registered	and	registered	datasets.	An	analysis	with	the	linear	sponge	model	yields	for	the	non-
registered	 datasets,	 C1,| 	= 	 197.4 ± 0.6 [𝑎. 𝑢. ],	 C*,| 	= 	 37.2 ± 0.2 [𝐿<* 	 ∙ 𝑎. 𝑢. ],	C1,+ 	= 	 209.6 ± 1.2 [𝑎. 𝑢. ],	 C*,+ 	= 	 39.4 ± 0.4 [𝐿<* 	 ∙ 𝑎. 𝑢. ],	 whereas	 for	 the	 registered	











registration	7.5%	±	2.6%).	This	is	expected,	since	in	the	tidal	breathing	region	(e.g.,	𝑉 	=	 𝑉ref ±δ𝑉 ≈ 2.4	±	0.4	[L]),	 1 − OEglobal 	jref±rj

























Subject	 	 Lung	volume	cm3	 OEglobal,	non-registered	data	[%]	OEglobal,	registered	data	[%]	


















































































diverse	breath-hold	positions.	 In	agreement	with	 simulations,	a	mean	whole	 lung	oxygen-en-









In	the	proposed	framework,	OE-MRI	 is	based	on	 lung	 images	acquired	 in	the	tidal	respiratory	
volume	region	to	achieve	close-to-maximum	parenchymal	signal	levels,	but	also	to	mitigate	reg-










and	Hemberger	et	al.	 [171]	using	 free-breathing	 respiratory-gated	3D	 radial	ultra-short	echo-
time	(UTE)	pulse	sequences.	In	this	approach,	the	OE-MRI	maps	are	derived	based	on	only	two	
matched	volumetric	sets,	one	set	for	each	O2	concentration	(21%	and	100%	O2).	In	comparison,	
the	use	of	 rapid	breath-hold	ufSSFP	acquisitions	at	different	 inspiratory	 levels	 in	combination	
with	the	sponge	model	mitigates	oxygen-unrelated	contributions	from	lung	density	modulations	
at	different	respiratory	positions	(lung	volumes),	thus	improving	the	overall	reliability	of	the	ox-





















self-navigated	 free	breathing	methods	 [155,	156]	being	able	 to	provide	multi-volumetric	 lung	
images;	these	imaging	acquisitions	might	be	required	in	patients	with	limited	breath-holding	ca-








































































tween	 consecutive	 IR-ufSSFP	 parameter	 maps	 were	 corrected	 using	 elastic	 image	



























the	 apparent	 transverse	 relaxation	 time	 (T2*)	 [158].	 The	 observed	 reduction	 in	 T1	 under	 the	
pulmonary	hyperoxia	is	attributed	to	an	increased	concentration	of	dissolved	O2	in	blood	vessels	
and	 lung	 parenchyma	 [95],	 thereby	 reflecting	 oxygen	 uptake	 (wash-in).	 OE-MRI	 is	 usually	
considered	an	indirect	measure	for	ventilation,	diffusion	and	perfusion	using	T1-weighted	images	
[99].	If	one	of	those	functions	is	regionally	affected,	a	change	in	a	signal	enhancement	can	be	
detected	 locally.	 In	 contrary,	 no	 changes	 in	 the	 transverse	 relaxation	 time	 (T2)	 in	 the	 lung	









cystic	 fibrosis	 [172],	 chronic	 obstructive	 pulmonary	 disease	 [114],	 chronic	 lung	 allograft	
dysfunction	[173]	or	asthma	[98]	have	been	reported	so	far.	
	







As	 an	 advantage	 over	 spoiled	 gradient	 echo	 based	 sequences,	 balanced	 steady-state	 free	
precession	(bSSFP)	sequences	offer	the	highest	signal-to-noise	ratio	per	unit	of	time	amongst	all	
MRI	 techniques	 [108].	Hence,	 in	 the	 recent	 years,	bSSFP	 imaging	has	 found	an	application	 in	






sampling	 techniques	 helped	 to	 substantially	 reduce	 the	 TR.	 Consequently,	 the	 shortened	 TR	
helped	to	mitigate	banding	and	motion	artifacts,	and	resulted	 in	a	substantial	 increase	 in	 the	
parenchymal	signal.	Recently,	a	derivate	of	the	pulse	sequence	termed	inversion	recovery	ultra-
fast	steady-state	free	precession	(IR-ufSSFP)	was	presented	for	pulmonary	relaxometry	[46].	The	
technique	 allowed	 for	 fast,	 simultaneous	 and	 automatic	mapping	 of	 T1,	 T2,	 and	 relative	 spin	
density	 M0	 in	 human	 lung	 at	 1.5T.	 In	 this	 work,	 we	 demonstrate	 the	 feasibility	 of	 oxygen-








Recently,	 a	 technique	 termed	 inversion	 recovery	 ultra-fast	 steady-state	 free	 precession	 (IR-
ufSSFP)	technique	[46]	was	proposed	for	simultaneous	measurement	of	T1,	T2	and	M0	in	the	lung	
parenchyma.	The	acquisition	scheme	was	based	on	an	ECG-triggered	two-dimensional	(2D)	time-




interval	 (TW~3	 seconds)	 for	 the	 full	 recovery	 of	 the	 magnetization	 acquired	 during	 a	 single	
breath-hold.	Furthermore,	the	second	block	was	repeated	with	several	dummy	repetition	times	




































The	 imaging	 protocol	 comprised	 three	 coronal,	 and	 two	 sagittal	 slices	 acquired	 in	 expiratory	
breath-hold.	Each	slice	was	acquired	during	a	separate	breath-hold.	Scanning	was	repeated	two	
times.	The	first	scan	was	performed	while	the	subjects	breathed	medical	air	with	21%	oxygen	
(normoxic	 condition),	 whereas	 the	 second	 scan	was	 acquired	 during	 supply	 of	 100%	 oxygen	
(hyperoxic	 condition).	 Medical	 air	 and	 oxygen	 was	 delivered	 at	 25	 L/min	 through	 a	 non-
rebreathing	ventilatory	mask	with	reservoir	placed	tightly	over	the	subject’s	nose	and	mouth.	
After	switching	to	100%	oxygen,	a	4	minute	 long	delay	was	used	prior	 to	 the	second	scan,	 in	



















































	 𝑇1 𝑡 	= 	𝐴𝑒</t  + 𝐵																																																													(5.1)	
	
where	t 	 is	the	T1	wash-in	time	constant,	and	the	initial	values	of	remaining	two	parameters	
were	set	as	𝐴	 = 	𝑇1 0 − 𝑇1(𝑁)	and	𝐵	 = 	𝑇1(𝑁),	for	time-steps	𝑡	 = 	0… 	𝑁.		
Similarly,	the	wash-out	was	analyzed	with	the	exponential	function:	
	 𝑇1 𝑡 	= 	𝐴(1 − 𝑒</t¤) + 𝐵																																																		(5.2)	
	





the	 large	 vessels,	 using	 a	 dedicated	 software	 (The	 Medical	 Imaging	 Interaction	 Toolkit,	



























statistically	 significant	 (P<10-4,	 paired	 two-sample	 t-test).	 The	 average	 difference	 between	 T1	










[185].	 The	 mean	 𝑇2+	and	 𝑇2¥¦	in	 healthy	 volunteers	 were	 55±16	 ms	 and	 56±17	 ms,	
respectively.	The	difference	between	the	means	(𝑇2+ − 𝑇2¥¦)	was	-0.4	ms	(-0.8%)	and	was	not	
statistically	significant	(P	=	0.6,	paired	two-sample	t-test).	On	the	intra-subject	level	a	statistically	
significant	 difference	 between	𝑇1+	 and	𝑇1¥¦ 	 distributions	was	 observed	 for	 all	 volunteers	








times.	 For	 T1,	 the	 cv	was	0.0052	 and	0.0064,	whereas	 for	 T2,	 the	 cv	was	0.066	 and	0.049	 for	
normoxic	and	hyperoxic	conditions,	respectively.	
	
The	diagrams	 in	 Figure	5.3	 show	averaged	T1	 values	 in	 the	 segmented	 lung	parenchyma	of	 a	
healthy	 subject	 measured	 in	 coronal	 and	 sagittal	 orientation	 before	 the	 administration	 of	
oxygen,	during	the	oxygen	wash-in,	steady-state	of	pulmonary	hyperoxia,	and	oxygen	wash-out.	
From	the	observed	dynamic	T1	changes,	T1-related	O2	wash-in	and	wash-out	time	constants	are	





























the	 both	 gas	 conditions.	 Volunteer	 #7	 was	 scanned	 five	 times	 on	 different	 days	 for	 reproducibility	
assessment.	
	
	 	 Normoxic	condition	 Hyperoxic	condition	 Difference	
Volunteer	 Sex,	age	 T1	[ms]	 T2	[ms]	 T1	[ms]	 T2	[ms]	 ∆T1	[ms]	(%)	 ∆T2	[ms]	(%)	
	 	 	 	 	 	 	 	1	 M,	34	 1385±83	 48±11	 1273±80	 50±12	 112	(8.1)	 -2	(-4.2)	
2	 M,	35	 1346±74	 56±15	 1241±73	 55±14	 105	(7.8)	 1	(1.8)	
3	 F,	49	 1464±84	 58±18	 1368±91	 56±17	 96	(6.6)	 2	(3.5)	
4	 F,	31	 1428±90	 51±19	 1301±87	 52±23	 127	(8.9)	 -1	(-2.0)	
5	 M,	40	 1403±79	 54±15	 1312±62	 57±18	 91	(6.5)	 -3	(-5.6)	
6	 M,	27	 1416±53	 57±18	 1296±64	 56±18	 120	(8.5)	 1	(1.8)	
7,	scan	1	 M,	29	 1351±67	 66±20	 1244±62	 64±22	 107	(7.9)	 2	(3.0)	
7,	scan	2	 “	 1348±75	 62±16	 1237±65	 66±17	 111	(8.2)	 -4	(-6.5)	
7,	scan	3	 “	 1358±71	 66±21	 1252±72	 65±20	 106	(7.8)	 1	(1.5)	
7,	scan	4	 “	 1343±77	 64±20	 1239±69	 64±19	 104	(7.7)	 0	(0)	













In	 this	 work,	 we	 have	 shown	 the	 feasibility	 of	 a	 novel	 technique	 for	 oxygen-dependent	
pulmonary	relaxometry	in	human	subjects	at	1.5T.	The	technique	is	based	on	an	ECG-triggered	
acquisition	 of	 a	 series	 of	 images	 using	 an	 inversion	 recovery	 ultra-fast	 steady-state	 free	
precession	pulse	sequence	adapted	for	pulmonary	imaging	by	a	significant	shortening	of	the	TR.	
As	 a	 consequence	 of	 the	 TR	 reduction	 the	 signal-to-noise	 ratio	 in	 the	 lung	 parenchyma	was	



















values	 was	 required.	 Similarly,	 a	 voxel-wise	 analysis	 on	 a	 series	 of	 parameters	 maps	 was	
performed	 to	 study	 the	 oxygen	 wash-in	 and	 wash-out	 dynamics.	 Despite	 the	 fact	 that	 the	
volunteers	 were	 generally	 able	 to	 reproduce	 the	 respiratory	 volume	 in	 expiratory	 phase,	














































the	human	 lung	at	1.5T.	Our	method	 is	based	on	an	ECG-triggered	 IR-ufSSFP	pulse	 sequence	
adapted	for	 lung	 imaging	and	allows	for	simultaneous	and	automatic	estimation	of	relaxation	
time	 parameter	 maps.	 We	 have	 employed	 the	 method	 for	 measurements	 of	 T1	 and	 T2	














































































































































eases	 showing	 a	 diversified	 spectrum	 of	 pulmonary	 pathologies.	 Seven	 patients	 (3	 males,	 4	
females;	mean	age	64±10	years,	range	45-74)	were	examined	as	part	of	an	ongoing	clinical	trial	



























Imaging	 with	 both	 volumetric	 sequences	 was	 performed	 in	 inspiratory	 breath-hold.	 The	 se-




was	minimal,	 to	avoid	banding	artifacts;	 the	TR	 for	VIBE	was	set	as	 recommended	elsewhere	
[199].	The	flip	angle	for	ufSSFP	and	VIBE	were	set	for	close-to-maximal	lung	signal	intensity	after	










































tures,	 such	 as	 vessels	 and	 lung	 boundaries,	 using	 a	 mass	 preserving	 three-dimensional	
deformable	B-spline	image	registration	algorithm	(Elastix	version	4.7,	University	Medical	Center	
Utrecht,	 The	Netherlands)	 [145].	 Subsequently,	 the	 registered	 datasets	were	median	 filtered	
(kernel	radius	9×9×9	mm3).	Median	filtering	(see	Ref.	[142]	for	details),	a	common	edge-preserv-




intensity	before	[SIpre 𝑥 ]	and	after	[SIpost 𝑥 ]	contrast	agent	administration,	respectively,	using		
	
SER 𝑥 	= 	 SIpost 𝑥 − SIpre 𝑥
SIpre 𝑥 	.																																																										(6.1)	
	




















































terest	 (ROI)	were	manually	 segmented	 in	every	subject	comprising	 the	whole	 lung	 (excluding	
large	vessels),	the	aortic-arch	blood	pool,	the	whole	liver	(excluding	large	vessels),	muscles	(sub-
scapularis,	 pectoralis),	 and	 subcutaneous	 thoracic	 fat.	 Figure	 6.2	 shows	 an	 exemplary	
segmentation	of	these	ROIs.	For	every	ROI	and	every	individual,	the	mean	value	and	standard	
deviation	(SD)	of	the	SER	were	computed.	From	these,	the	group	mean,	the	intersubject	SD	(in-































resentative	 volumetric	 region	 of	 interests	 of	 the	 lung	
(depicted	in	red,	volume	=	2716	cm3),	aortic	arch	(pink,	21	
























istration	 both	 VIBE	 and	 ufSSFP	 show	 a	 clear	 signal	 increase	 in	 the	 lung	 parenchyma	 and	
vasculature	 (Figs.	6.3b	and	d),	also	yielding	enhanced	morphological	details.	 In	both	pre-	and	
post-contrast	 imaging	with	ufSSFP	the	signal	of	 fine	vessels	and	parenchyma	 is	clearly	caught	






































































crease	after	 contrast	administration,	 the	 same	windowing	 (logarithmic	 grey-scale)	 is	used	 for	pre-	and	
post-contrast	images	[(a,	b)	and	(c,	d)].	Both	sequences	allow	for	the	depiction	of	the	pulmonary	vascula-











	 Lung	 Aorta	 Liver	 Muscle	 Fat	
ufSSFP	 99	±	9	(23)	 81	±	7	(8)	 33	±	8	(12)	 26	±	5	(6)	 2	±	1	(4)	










to	dorsal,	as	depicted	 in	the	plots	[see	 left-lower	panel	 in	 (c,	 f)]	which	report	the	mean	SER	 in	the	 iso-
gravitational	planes	as	a	function	of	the	ventral-to-dorsal	distance.	Balanced	SSFP	“banding”	artifacts	are	









fore	 (a,	 b,	 e,	 f)	 and	 after	 contrast	
agent	 injection	 (c,	d,	g,	h)	 in	a	54-
year-old	 female	 subject	 from	 the	
control	group.	Median	 filtering	 re-
























	 RU	 RM	 RL	 LU	 Lin	 LL	 	 	 RU	 RM	 RL	 LU	 Lin	 LL	
No	artifacts	 10	 7	 6	 9	 4	 –	 	 No	artifacts	 –	 1	 –	 –	 2	 –	
Score	1	 –	 1	 4	 1	 4	 5	 	 Score	1	 –	 –	 2	 –	 1	 2	
Score	2	 –	 2	 –	 –	 2	 5	 	 Score	2	 2	 7	 6	 3	 5	 5	
Score	3	 –	 –	 –	 –	 –	 –	 	 Score	3	 5	 1	 2	 6	 2	 3	










































patient	 in	Figures	6.11	and	6.12.	 In	 the	patient	with	NSIP	 (Fig.	6.11),	 the	 fibrotic	 lung	regions	
visible	on	the	morphological	MR	images	exhibit	a	streaky	decrease	in	SER	(67%±25%)	as	com-
pared	to	the	healthy	parenchyma	(99%±22%;	whole	lung	SER	=	96%±23%).	In	the	trauma	patient	























































































tional	 investigations	 [33,	 45,	 47,	 144,	 157,	 196,	 197].	 In	 this	 work,	 we	 have	 extended	 the	
prospects	of	ufSSFP	imaging	to	the	diagnosis	of	functional	abnormalities	of	the	pulmonary	pa-
renchyma	in	combination	with	the	administration	of	an	intravenous	contrast	agent.	In	contrast	










































While	 the	 obtained	 results	 with	 ufSSFP-SER	 imaging	 in	 patients	 appear	 promising,	 we	
acknowledge	that	the	administration	of	contrast	agent	might	not	be	indicated	for	some	catego-
ries	 of	 subjects	 (e.g.,	 in	 case	 of	 renal	 failure	 or	 allergy).	 Furthermore,	 the	 current	 approach	
requires	short	breath-holding	maneuvers,	which	sometimes	may	not	be	feasible	(e.g.,	in	infants),	
but	might	be	overcome	by	using	self-navigated	free-breathing	methods	[156].	Similarly,	residual	





























































































and	 lung	 ventilation,	 denoted	Matrix	 Pencil	 (MP)	 decomposition	 [104],	 FD-MRI	 has	 recently	
shown	clinical	potential	[33]	for	quantifying	the	ventilation	and	perfusion	impairments	in	chil-
























The	 proposed	 approach	 for	 α-mapping	 requires	 short	 breath-holding	manoeuvres	 (10-15	 se-
conds),	which	may	not	always	be	feasible	for	all	patients.	Furthermore,	in	this	work,	α-maps	were	
calculated	from	5	volumetric	datasets	acquired	at	different	lung	inspiratory	breath-hold	levels	
(capacity).	However,	 the	calculation	of	 the	parameter	α	 from	even	more	 inspiratory	volumes	













































higher	 than	 in	 the	 blood	 and	 other	 tissues,	 accentuating	 the	 visualization	 of	 the	 lung	 paren-
chyma.	 In	 healthy	 lung,	 SER-maps	 were	 homogeneous	 while	 in	 patients,	 the	 impairments	












free-breathing	acquisitions	 (e.g.,	 self-navigated).	Another	disadvantage	of	SER-mapping	 is	 the	
need	for	Gadolinium-based	contrast	agents,	which	are	not	indicated	in	patients	with	renal	fail-
ure,	children,	pregnant	women,	or	when	 frequent	 follow-up	 imaging	 is	desired.	Furthermore,	
contrast	agents	might	cause	allergic	reactions	and	deposits	in	the	tissues,	with	yet	unknown	ef-
fects	 to	 the	 body	 [122,	 207].	 However,	 SER-mapping	 can	 easily	 be	 included	 into	 common	
contrast-enhanced	MR	protocols	and	has	clinical	potential	for	routine	application.	It	allows	map-





























































































ufSSFP	MRI,	which	 is	widely	 available.	 The	 ufSSFP	 acquisition	 schemes	 have	 substantially	 in-
creased	the	image	quality	and	revealed	to	be	a	promising	strategy	for	clinical	applicability.	While	
OE-MRI	is	yet	hindered	in	a	clinical	context	by	a	rather	laborious	setup	and	may	be	employed	for	
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